Abstract. In this paper, an algorithm of dynamic bandwidth allocation (DBA) is proposed to achieve multi-granularity dynamic bandwidth allocation in multi-wavelength in Metro-Access Optical Network based on OFDM-PON. The DBA mainly focuses on the inner ONU bandwidth allocation. An inner ONU queue is proposed based on OFDM-PON. By the DBA, bandwidth of different granularities can be assigned efficiently.
Introduction
Passive optical networks (PONs) have emerged as a highly attractive broadband access solution to meet the increasing demand of bandwidths from various services [1] . At present, the PON is mainly based on TDM such as EPON and GPON. However, the bandwidth provided for each end-user is limited. In the WDM-PON, Although each user can be assigned a dedicated wavelength to enjoy the full bandwidth [2] , It can't meet the QoS demand and the information rate of different services. In contrast, the OFDM-PON is highly flexible in terms of supporting multiple granularities of bandwidth through advanced digital signal processing (DSP) techniques. It also has high bandwidth efficiency through high efficient digital modulation and dynamic resource management [3] .Thus, more and more discussions about the protocols and algorithms for OFDM-PON come up. In this paper, an algorithm of dynamic bandwidth allocation (DBA) and an inner ONU queue are proposed in multi-wavelength optical access network (OAN) based on OFDM-PON. A mathematic model based on matrix theory is also proposed for a typical PON architecture. The DBA can assign not only the wavelength and the number of subcarriers but also the timeslot and the modulation format of subcarriers.
Network architecture
The next-generational OAN will be a hybrid PON containing a large number of ONUs [4] . And ONUs can be . Network Architecture divided into many groups on the basis of region or logical relation. In this paper, we focus on the OFDM-PON scheme in the OAN. The network architecture is based on a fiber ring. Many "trees" are interconnected with the ring by the RN. This network consists of one OLT, M RNs and N ONUs in each RN. Each ONU connects with X users (see Fig.1 ). In this architecture, K wavelengths are provided by the OLT, each RN commonly drops N wavelengths, and one wavelength serves for one ONU. Among the ONUs, some employ the OFDM-PON scheme, the other employs EPON and WDM-PON. To explain clearly, REPORT and GATE messages are introduced here [5] . But, the GATE frame is upgraded to support additional bytes to carry messages of wavelengths and subcarriers to achieve dynamic bandwidth allocation in OFDM-PON.
Mathematical model
There are K wavelengths in the OAN. As some wavelengths will be used to support the expansion of the OAN, there should be K MN. Here, to indica ≧ te whether a wavelength is free or not, matrix Ʌ is introduced as follow: 
indicates the k-th wavelength is/isn't employed by the (mn)-th ONU. Here, it is assumed that the OFDM-PON carries L+2 subcarriers in total. Among them, two subcarriers are used to convey the control message between the OLT and the ONU. After the OLT receives bandwidth requirements from all ONUs, it makes the decision through the DBA. After that, it sends the message of bandwidth to the ONU respectively. Here, matrix P is defined to indicate the employment of each subcarrier:
indicates the l-th subcarrier is/isn't employed by the x-th user sometime. OFDM subcarriers can be dynamically assigned to different services and/or users by the corresponding bandwidth demand. On the one hand, as the bandwidth of one subcarrier can be further divided into smaller granularity in timeslot level, it can be shared by many users or services. Each user or service can occupy different timeslots. On the other hand, as a subcarrier may be able not to meet a user's demand, more subcarriers may be assigned to the user in such a case.
Moreover, in the OFDM-PON, the spectral efficiency can be increased cost-effectively by employing multi-level signal, such as M-ary Quadrature Amplitude Modulation (QAM). Here, a modulation-format matrix F is defined to indicate the bandwidth of each subcarrier. All subcarriers are assumed to have I level modulation formats, such as 4QAM, 8QAM, 16QAM. As the symbol rate can be changed adaptively, RB is used to indicate the rate of symbol of each subcarrier and i h is defined to indicate the quality of information of a symbol with i-th level modulation. Matrix F is proposed as the following equation: ...
il f indicates the bandwidth of the l-th subcarrier with the i-th level modulation. It can be calculated through the equation as follow:
In the OAN, each user is assumed to possess Y services at most. To know the bandwidth of each service clearly, matrix E is defined as the following equation: 
indicates the y-th service is/isn't possessed by ... 
Bandwidth allocation
In Fig.2 . The queuing discipline is as follows: packets from each user are classified into queues according to their priority by the classifier. If "guaranteed" buffer belonged to the high-priority service is full, the corresponding packets can occupy the place of lower-priority packets. Alternatively, if "others" buffer belonged to the low-priority service is full, the corresponding packets will be dropped. Customarily, after the polling, the packets in "guaranteed" queue will be transmitted prior to the packets in "others" queues. 
, it indicates the l-th subcarrier is available. Then the OLT assigns the subcarrier to 
 is the excess bandwidth of the l-th subcarrier and can be calculated through the following equation:
is the portion of il f assigned to users. The total excess bandwidth ( To guarantee the fairness among users, a fair-excess-allocation scheme is adopted to assign the portions to users according to their bandwidth demands [7] . Let 
W is defined to indicate the utilization ratio of bandwidth, and it can be calculated through the following equation:
If W>1, it means the bandwidth to meet the demand of all users. If W<1, the OLT checks whether there are wavelengths available by the following method:
indicates the k-th wavelength is available. Then the OLT schedules the free wavelength to the ONU. And the bandwidth of this wavelength is scheduled through the DBA introduced above.
According to the DBA introduced above, the following formulations must be satisfied to avoid message loss: 
That means the buffer is full and it cannot accept any packet. Thus, the packet arrived later will be dropped.
Summary
A DBA based on matrix theory is proposed in this paper. It can achieve multi-granularity bandwidth allocation in the OAN based on OFDM-PON, such as the schedule of both the number and the modulation format of subcarriers. Users can share the bandwidth of a subcarrier through TDM mode. In the paper, some basic rules are also proposed to prevent the message packet from dropping. The above discussion shows the DBA can efficiently cope with various bandwidth requirements in the OAN.
